The hormone ethylene regulates many aspects of plant growth and development, including fruit ripening. In transgenic tomato (Lycopersicon esculentum) plants, antisense inhibition of ethylene biosynthetic genes results in inhibited or delayed ripening. The dominant tomato mutant, Never-ripe (Nr), is insensitive to ethylene and fruit fail to ripen. The Nr phenotype results from mutation of the ethylene receptor encoded by the NR gene, such that it can no longer bind the hormone. NR has homology to the Arabidopsis ethylene receptors. Studies on ethylene perception in Arabidopsis have demonstrated that receptors operate by a "receptor inhibition" mode of action, in which they actively repress ethylene responses in the absence of the hormone, and are inactive when bound to ethylene. In ripening tomato fruit, expression of NR is highly regulated, increasing in expression at the onset of ripening, coincident with increased ethylene production. This expression suggests a requirement for the NR gene product during the ripening process, and implies that ethylene signaling via the tomato NR receptor might not operate by receptor inhibition. We used antisense inhibition to investigate the role of NR in ripening tomato fruit and determine its mode of action. We demonstrate restoration of normal ripening in Nr fruit by inhibition of the mutant Nr gene, indicating that this receptor is not required for normal ripening, and confirming receptor inhibition as the mode of action of the NR protein.
The hormone ethylene regulates many aspects of plant growth and development, including fruit ripening. In transgenic tomato (Lycopersicon esculentum) plants, antisense inhibition of ethylene biosynthetic genes results in inhibited or delayed ripening. The dominant tomato mutant, Never-ripe (Nr), is insensitive to ethylene and fruit fail to ripen. The Nr phenotype results from mutation of the ethylene receptor encoded by the NR gene, such that it can no longer bind the hormone. NR has homology to the Arabidopsis ethylene receptors. Studies on ethylene perception in Arabidopsis have demonstrated that receptors operate by a "receptor inhibition" mode of action, in which they actively repress ethylene responses in the absence of the hormone, and are inactive when bound to ethylene. In ripening tomato fruit, expression of NR is highly regulated, increasing in expression at the onset of ripening, coincident with increased ethylene production. This expression suggests a requirement for the NR gene product during the ripening process, and implies that ethylene signaling via the tomato NR receptor might not operate by receptor inhibition. We used antisense inhibition to investigate the role of NR in ripening tomato fruit and determine its mode of action. We demonstrate restoration of normal ripening in Nr fruit by inhibition of the mutant Nr gene, indicating that this receptor is not required for normal ripening, and confirming receptor inhibition as the mode of action of the NR protein.
The plant hormone ethylene controls a number of developmental processes including seedling growth and morphology, fruit ripening, organ senescence, and abscission. Ethylene is synthesized from S-adenosyl-l-Met through the activity of the enzymes 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase. Ethylene perception affects the expression of a number of genes that are important for the biological response. The signal transduction pathway(s) that allows cells to perceive and respond to ethylene has not yet been fully elucidated, although a number of signaling components have recently been identified through the use of Arabidopsis mutants.
Genes for putative ethylene receptors were isolated from Arabidopsis following identification of the ethylene-insensitive mutant etr1, which failed to show the classical seedling "triple response" to ethylene (Bleecker et al., 1988) . ETR1 encodes a protein with homology to bacterial two-component receptors (Chang et al., 1993) . These receptors allow bacteria to respond to environmental stimuli, and consist of a sensor and transmitter protein and separate response regulator (Chang and Stewart, 1998) . ETR1 shares sequence identity with the His kinase domain of the bacterial transmitter region, and with the response regulator, which is situated at the carboxyl terminus of ETR1 rather than on a separate peptide (Chang et al., 1993) . The bacterial receptors bind ligands through the N termini of their sensor modules. The N terminus of ETR1 has no homology to the bacterial proteins, but contains three hydrophobic regions and has been shown through expression studies in yeast to be membrane associated and to bind ethylene (Schaller and Bleecker, 1995) . ETR1 is one of a five-member gene family in Arabidopsis. The other members include ETR2 and EIN4 (Hua et al., 1998; Sakai et al., 1998) , which have similar structures to ETR1, and ERS1 and ERS2 (Hua et al., 1995 (Hua et al., , 1998 , which encode receptors lacking the carboxy-terminal response-regulator-like domain present in the other three proteins. Loss of the ability to bind ethylene by any of the five proteins results in dominant insensitivity to ethylene. etr2 and ein4 mutants (Roman et al., 1995; Sakai et al., 1998) were identified in genetic screens in which disruption of their ethylene-binding ability resulted in insensitivity to ethylene. Transgenic Arabidopsis plants expressing in vitro mutated ers1 and ers2 genes, whose products could not bind ethylene, were also insensitive to the hormone (Hua et al., 1995 (Hua et al., , 1998 . Loss of function of any one receptor, however, had no effect on ethylene sensitivity (Hua and Meyerowitz, 1998) , indicating functional redundancy among receptors, whereas quadruple mutants in which ETR1, ETR2, EIN4, and ERS2 were knocked out showed a constitutive ethylene response phenotype (Hua and Meyerowitz, 1998) . These observations are consistent with the "receptor inhibition" model of ethylene action (Bleecker et al., 1998) in which absence of ethylene results in active receptors and repression of ethylene responses (Hua and Meyerowitz, 1998) . According to this model, in the presence of ethylene, receptors switch to an inactive state, and responses such as the triple response are observed. Disruption of ethylene binding in any one receptor thus leads to active repression of the response pathway and insensitivity to ethylene.
Tomato (Lycopersicon esculentum) has five genes encoding proteins with similarity to ETR1, including NR (Wilkinson et al., 1995) , LeETR1 (Zhou et al., 1996a; Lashbrook et al., 1998) , LeETR2 (Zhou et al., 1996b; Lashbrook et al., 1998) , LeETR4 (Tieman and Klee, 1999), and LeETR5 (Tieman and Klee, 1999) . They show different patterns of expression: NR and LeETR4 transcripts increase in abundance during fruit ripening (Payton et al., 1996; Lashbrook et al., 1998; Tieman and Klee, 1999) , whereas LeETR1 and LeETR2 show a more or less constitutive pattern of expression (Lashbrook et al., 1998) . LeETR5 expression increases in flower tissue (Tieman and Klee, 1999) . The NR gene was identified through its homology to ETR1, and it was shown that the tomato-ripening mutant Never-ripe (Nr) (Rick and Butler, 1956) , which bears fruit that are impaired in color change and softening, has a mutation in the ethylene-binding domain of the NR receptor (Wilkinson et al., 1995) and is unable to bind the hormone. The effect of the Nr mutation, together with the increase in expression of NR observed at onset of ripening in wild-type plants, indicated a specific role for this receptor during ripening. The Arabidopsis model, however, suggests that ethylene response is dependent upon receptor inactivation by ligand binding. If this model is true for tomato, it is difficult to explain why there should be an increase in expression of NR at the same time as increased ethylene evolution and ripening response to ethylene. In a receptor inhibition model, no change in NR gene expression would be expected. To address this question, we down-regulated expression of the mutant Nr gene by antisense inhibition. We anticipated that if the receptor inhibition model is correct, down-regulation of the mutant gene should lead to restoration of normal ripening. This would not be the case, however, if NR is specifically required for fruit ripening. The results presented confirm receptor inhibition as the mode of action of the NR receptor and indicate that NR is not required for normal ripening.
RESULTS

Transformation of Nr Mutants
A partial cDNA clone designated tETR was isolated previously (Payton et al., 1996) , and found to be identical to the reported NR cDNA sequence. A fulllength NR cDNA was subsequently isolated and a fragment of the cDNA, from nucleotides ϩ34 to ϩ748, was inserted downstream of the cauliflower mosaic virus (CaMV) 35S promoter in the antisense orientation in pBin 19 (Bevan, 1984) (Fig. 1) . The transgene was introduced into cells of 3-week-old Nr cotyledons by Agrobacterium tumefaciens-mediated transformation. Four primary transformants were initially regenerated on selective media containing 100 mg L Ϫ1 kanamycin and grown to maturity. Southern analysis indicated that transformants contained either one or two copies of the transgene.
Analysis of Ripening in NR Antisense Transformants
Visual examination of the four primary transformants obtained (1166, 1193, 1196, and 1223) showed that fruit of one plant, 1223, appeared to ripen normally and turned red as rapidly as wild-type fruit. This plant contained two copies of the NR antisense transgene. Fruit of the remaining three plants were yellow throughout ripening, and were visually similar to those of the Nr mutant, although studies on the progeny of these plants (described below) showed an inherited antisense gene dose-dependent restoration of ripening. Expression of several ripening genes including ACC oxidase 1 (ACO1; Hamilton et al., 1991) , phytoene synthase 1 (PSY1; Ray et al., 1992) , and E4 (Lincoln et al., 1987) , was studied in the fruit of each of the primary transformants. Total RNA was extracted from fruit at the onset of ripening (breaker) for use in northern analysis. The results showed that for each of the three genes studied, transcripts were more abundant in the wild type than Nr mutant fruit (Fig. 2) . However, in the NR antisense transformants, expression of ACO1, E4, and PSY1 was higher in plant 1223 when compared to the other transformants (Fig. 2) . Fruit of this transformant therefore had a wild-type phenotype and showed levels of expression of ripening and ethylene-responsive genes that were similar to wild type. Northern analysis was carried out to determine whether expression of the mutant Nr gene was altered in any of the antisense plants. Abundance of Nr transcripts was found to be reduced in three of the four antisense plants compared to non-transgenic Nr fruit, but the degree of reduction varied (Fig. 3) . In plant 1223, which ripened normally, Nr transcripts were virtually undetectable (Fig. 3) . Expression of two further ethylene receptor genes, LeETR1 and LeETR4, was also analyzed in breaker fruit of Nr transformants (Fig. 3) . LeETR1 and LeETR4 transcripts appeared more abundant in wild type compared to non-transgenic Nr fruit. There was some variation in the level of LeETR1 transcripts in transformants 1166 and 1196, and a reduction of LeETR4 transcripts in transformant 1196, compared to Nr fruit. There was, however, no effect on fruit phenotype in these transformants.
Effect of Transgene Inheritance on Progeny Phenotype
Inheritance of the antisense gene was studied in the progeny (T 1 generation) of transformants germinated from self-seed, and the fruit phenotypes of azygous, hemizygous, and homozygous progeny were observed. Seed from transformant 1223, which had a wild-type fruit phenotype, was sown directly into compost in the absence of selection for the transgene.
Eight progeny plants (1223.1-1223.8) were studied. Of these, two had yellow fruit and were phenotypically identical to Nr, whereas the remaining six had red wild-type fruit. Southern analysis of progeny plants using the NPTII gene as a probe showed that plants with yellow Nr-type fruit (1223.3 and 1223.7) did not contain a transgene (Fig. 4A) , whereas the plants bearing red wild-type fruit (1223.1, 1223.2, 1223.4, 1223.5, 1223.6 , and 1223.8) contained two copies of the transgene in either the homozygous or hemizygous state (Figs. 4A and 5) .
Seedlings from the remaining three transformants, all of which had produced Nr-type fruit, were selected on kanamycin-containing media before being transferred to compost and grown to maturity. Progeny of transformant 1166 produced orange Nr-type fruit, identical to those produced by the transgenic parent. Of the six progeny from transformant 1193 (1193.1-1193.6), however, three produced fully red fruit that were phenotypically indistinguishable from wild-type fruit, whereas a further two progeny produced fruit that appeared to be intermediate in color between Nr and wild-type fruit. These fruit were designated half-red. The sixth T 1 plant produced Nrtype orange fruit. The phenotype of fruit was compared to the transgene copy number of the progeny plants. Transformant 1193 contained two copies of the transgene. Southern analysis showed that progeny that inherited both transgenes in the homozygous state (1193.2, 1193.5, and 1193.6) produced red fruit (Figs. 4B and 5) . The half-red fruit were produced by plants that contained both transgene copies in a hemizygous state (1193.1 and 1193.3) (Figs. 4B and 5). The single progeny plant producing orange Nrtype fruit appeared to have inherited only one of the transgenes in a hemizygous state (1193.4) (Fig. 4B) .
Fruit of progeny of a fourth transformant, 1196, were half-red in four of the T 1 plants (1196.1, 1196.3, 1196.4, and 1196.5) , and identical to Nr in a further two plants (1196.2 and 1196.6). Plant 1196 contained a single transgene insert, and progeny bearing halfred fruit were shown to have inherited this transgene in the homozygous state (Figs. 4C and 5) , whereas Nr-type plants had inherited the transgene in a hemizygous condition (Fig. 4C) .
DISCUSSION
We have used antisense inhibition of a mutant tomato ethylene receptor gene to demonstrate that ethylene perception and signaling via the NR receptor is consistent with the receptor-inhibition model proposed to describe ethylene perception in Arabidopsis. According to this model, receptors negatively regulate ethylene responses and this inhibition is released when ethylene is bound to the receptors (Hua and Meyerowitz, 1998) . The results presented demonstrate that removal of the mutant Nr receptor by antisense inhibition results in activation of ethylene responses and onset of normal ripening. Thus, the inability of the mutant Nr receptor to bind ethylene prevents its inactivation and in Nr mutant fruit ethylene responses are therefore suppressed.
In a transgenic antisense Nr plant (transformant 1223), inhibition of the mutant receptor gene was sufficient to allow fruit to turn red in color and to achieve wild-type levels of expression of ripeningrelated (PSY1 and ACO1) and ethylene-responsive (E4) genes. In the other primary transformants generated, the extent of down-regulation of the Nr gene was insufficient to allow fruit to ripen normally, and expression of ACO1, PSY1, and E4 was reduced as in the untransformed Nr fruit. However, some of the progeny of these plants produced fruit that were either wild type in appearance or intermediate between wild type and Nr. The phenotype of the fruit correlated with transgene dosage in the progeny plants: Where a single transgene was present (transformant 1196), inheritance of the transgene in a homozygous state gave fruit of intermediate phenotype, whereas hemizygotes produced Nr-type fruit. Progeny of a plant that contained two copies of the transgene were able to produce wild-type fruit if they were homozygous for both copies, but gave intermediate or Nr-type fruit if they were hemizygous for both copies, or inherited one transgene, respectively. This finding suggests that a threshold level of mutant receptor is required to suppress the ethylene response pathway and prevent normal ripening. It has previously been reported that genetic background affects the severity of the Nr phenotype (Lanahan et al., 1994) . Ripening occurs to a greater extent in Nr fruit in tomato cv Ailsa Craig than where the mutation is present in tomato cv Pearson. It was suggested that expression of the Nr gene is incomplete in tomato cv Ailsa Craig, leading to a less severe phenotype in homozygous plants and partial ripening in heterozygotes when compared with tomato cv Pearson Nr plants (Lanahan et al., 1994) . This is consistent with our observation that restoration of normal ripening in Nr plants depends on the extent of antisense inhibition of Nr gene expression and the inheritance of antisense genes.
Expression of the NR gene in wild-type plants is up-regulated by ethylene in mature green fruit (Wilkinson et al., 1995) , and the increase in NR expression at the onset of ripening reflects the increase in ethylene synthesis in fruit at this stage. It is not clear why a receptor gene that is apparently not required for normal ripening should be up-regulated in mature fruit in a system operating by receptor inhibition. In Arabidopsis, the ethylene receptor genes ERS1, ERS2, and ETR2 are up-regulated in response to ethylene (Hua et al., 1998) , and loss-offunction mutants reported for two of these genes, ETR2 and ERS2, showed normal ethylene sensitivity. Our previous observations (H.C.C. Foote and D. Grierson, unpublished data) and those of others (Wilkin- 1223.2, 1223.3, 1223.4, 1223.5, 1223.6, 1223.7, and 1223.8 . B, Progeny of transformant 1193 (in lanes 1-6): 1193. 1, 1193 1, .2, 1193 1, .3, 1193 1, .4, 1193 1, .5, and 1193 1, .6. C, Transformant 1196 , and (in lanes 1-6) progeny plants 1196.1, 1196.2, 1196.3, 1196.4, 1196.5, and 1196.6. son et al., 1997) have indicated that antisense inhibition of the wild-type NR gene has no effect on ripening, raising questions about the normal function of this gene. It has been suggested that in Arabidopsis, the different ethylene receptors allow plants to respond to a range of concentrations of ethylene in different tissues throughout plant development (Hua and Meyerowitz, 1998) . Induction of NR during fruit ripening might be required to allow a more subtle subset of ethylene responses to occur than those investigated in the present study, and these responses might become apparent once the complex biochemical and physiological changes that occur in fruit during the ripening process are understood in sufficient detail. The ethylene receptor LeEtr4 has been reported to have a higher level of expression in fruit than NR and is expressed throughout fruit development, not only at ripening. In contrast with a previous report describing expression of LeETR4 in tomato cv Pearson (Tieman and Klee, 1999), our results show that LeETR4 expression is reduced in Nr compared to wild-type tomato cv Ailsa Craig fruit. Furthermore, this reduction in transcript levels is not altered by down-regulation of the NR gene in mutant plants, indicating that a functional NR gene might be required to achieve wild-type levels of LeETR4 expression.
The Nr mutation has been shown to affect ethylene responses in tissues other than ripe fruit (Lanahan et al., 1994) , including seedlings. When germinated in the dark on media containing the ethylene precursor ACC, Nr seedlings failed to show a classic triple response (shortened, swollen hypocotyl, exaggerated apical hook, and shortened root). When seeds from homozygous NR antisense T 1 plants of lines 1223, 1196, and 1193, all of which produced red or half-red fruit, were germinated on ACC in the dark, no significant differences in hypocotyl length were observed between these seedlings and Nr seedlings similarly treated (data not shown). This finding indicates that although down-regulation of the mutant Nr gene was sufficient to alleviate its effect on fruit ripening in these lines, insensitivity of seedlings to ethylene was not altered. It is possible that the extent of antisense down-regulation of the mutant gene is not as severe in seedling tissue of these lines. The fact that there are multiple ethylene receptors, and some show differential expression, might also be important. The differences in response shown by different tissues might reflect changes in receptor function or interplay at different stages of development; the level of mutant receptor produced in these plants might be sufficient to give an insensitive response in seedling tissue, whereas in fruit it might be below the level required to inhibit ripening. Differences in receptor function throughout development have been reported in Arabidopsis, where a double etr1; ein4 lossof-function mutant was found to have more severe defects in root and leaf development than the single etr1 mutant, whereas hypocotyl elongation in etiolated seedlings was the same in both the double and single mutants (Hua and Meyerowitz, 1998) .
Although the importance of receptor levels and possible receptor interplay at different stages of development remain to be elucidated, the present results show that the wild-type NR gene product is not required for normal ripening. Furthermore, the observation that antisense inhibition of the mutant Nr gene product restores normal ripening provides strong support for a receptor-inhibition model for the ethylene regulation of ripening in tomato. 
MATERIALS AND METHODS
Construction of the NR Antisense Gene
All molecular cloning procedures were carried out using standard procedures (Sambrook et al., 1989) . A fragment of the NR gene from nucleotide ϩ34 to nucleotide ϩ748 was amplified using the PCR. The fragment was ligated into PCR-cloning vector pTAG (Novagen Inc., Madison, WI), and the nucleotide sequence was verified by sequence analysis. The NR insert in pTAG was excised by digestion with BamHI and SalI and inserted into BamHI/SalI-digested pDH51 (Pietrzak et al., 1986) . This insertion resulted in the NR gene fragment being in the antisense orientation with respect to the CaMV 35S promoter in pDH51. The entire pDH51 insert was then excised using EcoRI and inserted into pBin 19 (Bevan, 1984) . The resulting vector was designated pNR6.1AS.
Plant Transformation
pNR6.1AS was introduced into competent Agrobacterium tumefaciens LBA4404 cells (Bevan, 1984) and used to transform cotyledon cells of the tomato (Lycopersicon esculentum cv Ailsa Craig) Nr mutant. The transformation was carried out according to a standard procedure (Bird et al., 1988 ). Plantlets were regenerated on 100 mg/mL Ϫ1 kanamycin and transferred to compost. Transformants were grown in the greenhouse under standard conditions used for cultivation of transgenic and non-transgenic wild-type and Nr tomato plants.
RNA Isolation and Northern Analysis
Pericarp tissue from fruit harvested at breaker was frozen in liquid nitrogen and stored at Ϫ80°C until further use. RNA was extracted according to the protocol described by Griffiths et al. (1999) . RNA was separated on a 1% (w/v) formaldehyde gel and transferred by capillary blotting to a GeneScreen Plus (DuPont, Boston) hybridization membrane. Hybridization using probes to detect NR, LeETR1, and LeETR4 transcripts was carried out for 16 h at 42°C in buffer containing 1% (w/v) SDS, 50% (v/v) deionized formamide, 5ϫ SSC, 50 mm sodium phosphate (pH 6.8), 0.1% (w/v) sodium pyrophosphate, 10% (w/v) dextran sulfate, and 50 g/mL Ϫ1 salmon sperm DNA. Hybridization using probes to detect ACO1, PSY1, and E4 transcripts was carried out for 16 h at 65°C in buffer containing 5ϫ sodium chloride-sodium dihydrogen phosphate-EDTA (SSPE), 5ϫ Denhardt's solution (2% [w/v] bovine serum albumin fraction V, 20% [w/v] Ficoll 400, and 2% [w/v] polyvinylpyrollidone), 0.5% (w/v) SDS, and 100 g/mL Ϫ1 salmon sperm DNA. Radiolabeled probes were prepared using the Rediprime II random prime labeling system (Amersham Pharmacia Biotech, Buckinghamshire, UK). Following hybridization, membranes were washed twice in 2ϫ SSPE and 0.1% (w/v) SDS for 30 min at room temperature, once in 1ϫ SSPE and 0.1% (w/v) SDS for 30 min at room temperature, and finally in 0.1ϫ SSPE and 0.1% (w/v) SDS for 45 min at 60°C. Autoradiography was used to detect signal intensity.
DNA Isolation and Southern Analysis
Genomic DNA was isolated from 3 to 5 g of leaf tissue. Tissue was frozen and ground in liquid nitrogen. Ten milliliters of urea extraction buffer (42% [w/v] urea, 0.31 m NaCL, 50 mm Tris-HCl [pH 8.0], 20 mm EDTA [pH 8.0], and 0.1% [w/v] sodium sarcosine) were added to the powder and ground for a further 1 to 2 min. Ten milliliters of phenol/chloroform was added and the mixture was incubated at 65°C for 15 min before centrifugation at 12,000g for 15 min. An equal volume of isopropanol was added to the supernatant, which was then incubated at Ϫ20°C for 30 min. DNA was pelleted by centrifugation at 12,000g for 15 min, washed in 70% (v/v) ethanol, dried, and resuspended in water. RNA was removed by the addition of 25 g/ mL Ϫ1 Rnase (Dnase-free; Boehringer Mannheim/Roche, Basel). To detect transgene inserts, 30 g of DNA was digested with either EcoRI or HindIII. DNA was then separated by electrophoresis through a 0.8% (w/v) agarose gel, and blotted to a GeneScreen Plus membrane (DuPont). Hybridization was then carried out according to the manufacturer's instructions (GeneScreen Plus, DuPont) using a radiolabeled probe prepared using the Rediprime II random prime labeling system (Amersham Pharmacia Biotech).
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